Abstract-The influence of dissolved natural organic matter (NOM) source on copper toxicity was investigated with larval fathead minnows (Pimephales promelas) in reconstituted moderately hard water. Ninety-six-hour static renewal toxicity tests were conducted to investigate an assumption of the biotic ligand model (BLM) that NOM source does not need to be considered to adequately predict copper toxicity. The nine different NOM isolates used in these toxicity tests were chemically well-characterized substances that were obtained by reverse osmosis as part of an NOM typing project based in southern Norway. Three median lethal concentration (LC50) values were estimated for toxicity tests conducted with each NOM, at nominal dissolved organic carbon (DOC) concentrations of 2, 5, and 10 mg/L. Tests also were conducted in dilution waters in which no NOM was added. Regression analyses were conducted to compare NOM-specific (specific NOM source) LC50s versus DOC concentration relationships to each other, as well as to the overall LC50 versus DOC concentration relationship. Statistical differences were found regarding the effects of NOM source on copper toxicity. Similar analyses were conducted with humic acid (HA) concentrations and spectral absorbance, and differences in the effect of NOM source on copper toxicity were similarly concluded. These results do not support the assumption that copper toxicity can be adequately predicted by utilizing DOC concentration, regardless of NOM source. Evaluation of relationships between LC50 values and other NOM characteristics revealed that despite significant differences due to NOM source on copper toxicity, DOC and HA concentrations were the most effective parameters in explaining variability in LC50 values. When BLM-predicted LC50 values were compared to observed LC50 values, predicted values showed reasonable agreement with observed values, but some deviations occurred due to NOM source and DOC concentration.
INTRODUCTION
Despite the influence of multiple water chemistry parameters on the toxicity of copper to freshwater organisms, only water hardness is utilized in the U.S. Environmental Protection Agency regulatory framework for copper [1] [2] [3] . Presence of humic substances, such as natural organic matter (NOM) or commercially available organic matter (e.g., Aldrich humic acid, Sigma-Aldrich, Milwaukee, WI, USA) in aquatic toxicity tests has been shown to influence the toxicity of copper to aquatic organisms [4] [5] [6] [7] [8] . In general, copper toxicity to larval fathead minnows (Pimephales promelas) has been shown to be inversely related to the concentration of dissolved organic carbon (DOC) in test waters. In a study conducted by Welsh et al. [6] , an order of magnitude increase in DOC concentration resulted in an order of magnitude increase in 96-h total copper median lethal concentration (LC50) values for fathead minnows. Similar effects of DOC concentration on 96-h total copper LC50 values were observed in experiments conducted by Erickson et al. [9] . In a study investigating the effects of solution chemistry on the amount of copper reaching the biotic ligand (target site), Playle et al. [5] concluded that the concentration of dissolved organic matter was the main determinant of copper deposition on fish gills. Because dissolved NOM is an important determinant of copper speciation and bioavailability, its inclusion as a parameter in methodology * To whom correspondence may be addressed (sklaine@clemson.edu).
for establishing freshwater criterion values for copper seems appropriate.
The interaction of copper with NOM has been, and continues to be, an important subject of many environmental studies [10] [11] [12] [13] . One conclusion that can be drawn from these studies is that the interaction of copper with NOM is very complex and can vary from source to source. Because of the complexity and heterogeneity of NOM, the ability to predict aqueous copper toxicity based upon modeled copper-NOM interactions may be inadequate. Because NOM is considered to be composed of heterogeneous biomolecules [14] , it follows that copper-binding functional groups (such as carboxylic acid [13] ) may not be uniformly distributed in any specific NOM. However, the suggestion has been made that NOM from a given location may be composed of many different types of molecules, but the molecules will have similar characteristics because they were derived from similar precursors [11] . Following this reasoning, it seems equally likely that NOM from different locations may be composed of molecules that possess different characteristics, because they could have been derived from different precursors. Evidence exists that the metal-binding characteristics of NOM differ for samples collected at different locations. For example, a study conducted by AbbtBraun and Frimmel [12] illustrated that the copper-binding characteristics of NOM obtained from eight different locations in Norway were dissimilar. If the copper binding characteristics of NOM vary as a function of NOM source, NOM source may have an influence on copper bioavailability and toxicity to freshwater organisms.
Recently, significant effort has been directed toward the development of methodology that predicts copper toxicity based upon site-specific water chemistry characteristics. One of the major difficulties in attempting to predict copper toxicity in natural waters deals with the complexity of the interactions of copper with NOM. Many of the complex interactions between copper and NOM can be described through the use of an existing model, the Windermere humic aqueous model (WHAM) developed by Tipping [15] , which provides computational procedures that can be used to predict copper-NOM interactions. The biotic ligand model (BLM) that has been developed to predict copper bioavailability and toxicity to aquatic organisms implements WHAM to characterize copper-NOM interactions [16] [17] [18] . The utility of using WHAM (within the BLM) to describe the copper-NOM interactions is that it has been calibrated to represent the interactions of metals with NOM from multiple sources [16] . However, despite being calibrated to multiple NOM sources, the interactions of the specified copper species with all types and sources of NOM are characterized in the same manner by the BLM (e.g., once DOC concentrations and percent humic acid are specified, the thermodynamic interactions are represented in exactly the same manner, independent of NOM source) [16] [17] [18] . An assumption of the BLM is that copper-NOM interactions can be explained by a limited set of fixed thermodynamic reactions [16] [17] [18] , regardless of NOM source. Questions involving the universal validity of that assumption have been raised. The objectives of this study were to examine the effect of NOM source on copper toxicity to larval fathead minnows, and to determine if DOC concentration alone, regardless of NOM source, is an acceptable input parameter for the BLM for copper. Humic acid concentration and spectral absorbance of the NOM used in toxicity tests also were evaluated as alternative correlates with toxicity. Nine compositionally different, chemically characterized, NOM isolates from eight different locations in southern Norway were used in this investigation.
MATERIALS AND METHODS

Experimental design
The influence of NOM source on the acute toxicity of copper sulfate to larval fathead minnows was investigated with 96-h static-renewal toxicity tests. The nine different NOM isolates used in this study, obtained by reverse osmosis, were provided by Egil T. Gjessing (Agder College, Kristiansand, Norway), and were part of an international NOM typing project [19] . These are identified by source as Trehorningen (TRE), Hellerudmyra-May (HEM), Aurevann (AUR), Maridalsvann (MAR), Birkenes (BIR), Humex B (HUM), Gjerstad limed (GJL), Gjerstad unlimed (GJU), and Hellerudmyra-October (HEO). Each NOM isolate was used in three toxicity tests, so that LC50 values could be estimated over a range of DOC concentrations. Nominal DOC concentrations used for each NOM in this study were 2, 5, and 10 mg/L. The three toxicity tests conducted with each NOM were set up simultaneously to ensure organisms with comparable sensitivities. During the course of this study, three toxicity tests were conducted in dilution water that contained no added NOM.
Toxicity tests were conducted in 600-ml polypropylene beakers. Organisms used in toxicity tests were Ͻ24-h-old larval fathead minnows, which were offspring of brood fish maintained at the Clemson Institute of Environmental Toxicology (Pendleton, SC, USA). Triplicate beakers were prepared for each of five toxicant concentrations and a control. Dilution water for brood fish and all toxicity tests was made as specified by the U.S. Environmental Protection Agency [20] recipe for reconstituted moderately hard water (hardness ϳ 80 mg/L as CaCO 3 , alkalinity ϳ 60 mg/L as CaCO 3 , and pH ϳ 8.0). Toxicity tests were conducted at 25 Ϯ 1ЊC, and dissolved oxygen levels were within 80% of saturation for all tests. Test waters were prepared by mixing each of the freeze-dried NOM isolates with 12 L of aerated dilution water in 20-L polypropylene carboys. A sufficient amount of test water was prepared before test initiation to provide enough water for the 48-h renewal. Two liters of each test water was then transferred to six 2-L polypropylene pitchers. Copper, as CuSO 4 ·5H 2 O, was added to five of the treatment pitchers. Concentrations of copper in the treatment pitchers depended upon the concentration of DOC used. For nominal DOC concentrations of 0, 2, 5, and 10 mg/L, the highest treatment level contained a nominal concentration of total copper of 800, 1,600, 3,200, and 6,400 g/ L, respectively. The copper treatment levels decreased from the highest treatment level to the lowest treatment level in a 50% dilution series. Copper-amended test waters were aerated and equilibrated for 24 h before test initiation. At test initiation, 10 larval fathead minnows were transferred to each beaker. Each beaker contained 250 ml of test water. All test chambers were randomly assigned a position on a shelf in a controlled laboratory environment (room temperature maintained at 25 Ϯ 1ЊC, and photoperiod fixed at 16:8 h light:dark). Fish were fed newly hatched brine shrimp 2 h before the 48-h renewal. Mortality in each test chamber was recorded at 24, 48, 72, and 96 h.
Chemical measurements
For all tests, dissolved oxygen, pH, and temperature were measured in each treatment level at test initiation, and in a composite sample consisting of equal amounts of the three replicates of each treatment level at test termination. Dissolved oxygen was measured with a YSI probe and a corresponding YSI model 57 meter (YSI, Yellow Springs, OH, USA). Measurements of pH were conducted with an Orion combination pH probe and an Orion 525A meter (Thermo-Orion, Beverly, MA, USA). Probes were calibrated before sample measurement. Because pH was expected to be approximately eight for all tests, the two buffers used for calibration of the pH probe were 7.00 and 10.00. For each test, hardness and alkalinity were measured in three treatment levels at test initiation only. Water hardness and alkalinity were determined by titration [21] . Concentrations of essential BLM input parameters (Na, K, Ca, and Mg) were measured by inductively coupled plasmaatomic emission spectroscopic analysis in triplicate samples of the control treatment levels from each toxicity test with a Thermo Jarrell Ash Model 61 E ICP (Thermo Electron Corporation, Waltham, MA, USA), and chloride and sulfate concentrations were determined on triplicate samples of control treatment levels from each toxicity test with a Dionex DX-500 chromatography system (Dionex, Sunnyvale, CA, USA).
For each toxicity test, measurements of total and dissolved copper were made in each treatment level at test initiation, and in a composite sample consisting of equal amounts of the three replicates of each treatment level at test termination. Samples for total and dissolved copper were not taken at the renewal, because the renewal water was the excess water remaining after test initiation. Renewal waters were treated in the same manner as the initial test waters, except for the presence of fish. To give some indication of the degree of change in copper concentration in each treatment level over the duration of toxicity tests, percent change in copper concentration (defined as final copper concentration/initial copper concentration ϫ 100) was determined for the five treatment levels in which copper was added for each of the 30 toxicity tests conducted in this study. For 150 pairs of copper determinations, total copper concentrations increased by the end the 96-h test duration to an average of 106% of the initial total copper concentrations, with a standard deviation of 8.1%. After applying the same analysis to the dissolved copper measurements, dissolved copper concentrations increased by the end of the 96-h test duration to an average of 105% of the initial dissolved copper concentrations, with a standard deviation of 9.6%. From this simple analysis, the conclusion can be made that copper concentrations remained stable over the duration of the toxicity tests. Total and dissolved copper samples were stored in 15-ml polypropylene vials, and acidified with one drop of Fisher optima nitric acid (Fisher Scientific, Pittsburgh, PA, USA) until analysis. Total copper samples were acidified immediately after being placed in sample vials. Dissolved copper samples were collected according to standard methods [21] ; they were filtered through 0.45-m nylon filters (PALL Gelman Laboratory acrodisc, 25-mm syringe filter, Gelman Laboratory, East Hills, NY, USA) and then acidified immediately after being placed in sample vials. Before each dissolved copper sample was collected, approximately 10 ml of sample was passed through the filter. All copper samples from treatments containing NOM were analyzed by flame atomic absorption spectrometry (AAS) on a Perkin-Elmer Aanalyst 800 atomic absorption spectrometer (Perkin-Elmer, Shelton, CT, USA). Copper samples from moderately hard water treatments were analyzed by flame AAS and graphite furnace AAS, depending on their nominal copper concentration. A sevenpoint calibration of the AAS was performed with standards made from Fisher certified copper (copper nitrate at 1 g/L) reference solution (Fisher Scientific). The accuracy and precision of the copper analyses were investigated by examining the repeated quality-control measurements (typically 20 determinations in the calibration blank and 10 determinations in the third copper standard in the calibration curve) collected during a typical analysis. For repeated measurements of a calibration blank and a 12.0-g/L copper standard analyzed by graphite furnace AAS, mean copper concentrations Ϯ standard error were 0.03 Ϯ 0.10 g/L and 11.86 Ϯ 0.23 g/L, respectively. For repeated measurements of a calibration blank and a 400.0-g/L copper standard analyzed by flame AAS, mean copper concentrations Ϯ standard error were 1.25 Ϯ 2.27 g/ L and 408.80 Ϯ 2.50 g/L, respectively. Dissolved organic carbon was measured in each treatment level at test initiation and test termination in all toxicity tests (including tests that contained no added NOM). Samples were collected into 30-ml glass amber bottles and acidified to approximately pH 2 with one drop of Fisher optima HNO 3 (Fisher Scientific). All DOC samples were filtered through a 0.45-m nylon filter (PALL Gelman Laboratory acrodisc, 25-mm syringe filter) before acidification. Dissolved organic carbon samples were analyzed on a Shimadzu TOC-5000 total organic carbon analyzer (Shimadzu Scientific, Columbia, MD, USA). A four-point calibration of the total organic carbon analyzer was performed with standards made from Fisher certified potassium hydrogen phthalate (Fisher Scientific). All DOC samples were sparged for 4 min to remove inorganic carbon before injection into the total organic carbon analyzer.
Percent humic acid (HA) and specific absorbance coefficients (SACs) were determined in triplicate for each of the NOM isolates. Natural organic matter was separated into two fractions, one containing HA and the other containing fulvic acid and hydrophilic compounds. Humic acid typically precipitates at pH values below 2, and fulvic acids are defined as being soluble at any pH [14, 22] . This type of methodology normally is applied to soil humic substances [22] , but for the purpose of these data, this methodology was deemed acceptable. Natural organic matter isolates were resuspended in 500 ml of Milli-Q water (Bedford, MA, USA) to a nominal concentration of 5 mg/L. A 50-ml aliquot was taken from each NOM solution, to provide a large enough sample for ultraviolet-visible (UV-Vis) and DOC analysis. The remaining portion of each NOM solution was acidified to pH 1 with concentrated HCl, and allowed to sit for approximately 24 [23] ). After the precipitation of HA, the HA was separated from the other organic fractions by filtration through a 0.45-m nylon filter. The filtrate contained the fulvic acid and hydrophilic fraction. An aliquot of the filtrate was taken for DOC analysis. The HA fraction remaining on the filter was resuspended in 50 ml of 0.1 M NaOH, and an aliquot of the solution was taken for DOC analysis after approximately 24 h. The UV-Vis absorbance was measured with a Shimadzu UV-2501PC UV-Vis recording spectrophotometer (Shimadzu Scientific). Absorbance measurements were taken with wavelengths ranging from 250 to 450 nm, with a 1-nm interval. Absorbance was measured at five DOC concentrations (2, 3, 6, 13, and 25 mg/ L) for each NOM. The pathlength used was 1 cm and the slit width was set at 1 nm. Specific absorbance coefficients were determined according to the method used by Curtis and Schindler [24] , except that they were determined at three different wavelengths (254, 350, and 436 nm).
Data treatment
Ninety-six-hour total and dissolved copper LC50 values were estimated for each toxicity test by using a trimmed Spearman-Karber method [25] . Copper concentrations were logtransformed as part of the LC50 estimation procedure. Total and dissolved copper LC50 values were estimated (although only dissolved copper LC50 values are presented here) by using mean copper concentrations (calculated from initial and final copper concentrations) for each treatment level. The methodology described below was used to determine if NOM source significantly influenced copper toxicity to larval fathead minnows. The independent variables that were used in the analyses were DOC concentration, HA concentration, and spectral absorbance at 350 nm (Abs 350 ). Because a simple analysis of variance (ANOVA) was not possible with the data collected in this study, toxicity data and DOC concentrations were combined into one model for analysis by using pooled multiple linear regression with dummy variables. The model was anchored by the mean LC50 and DOC concentration of the three tests conducted without added NOM (i.e., the moderately hard water toxicity tests). This allowed for simple comparison of slopes of the NOM source-specific regression lines. The model was estimated and terms (slopes) were tested by using ANOVA and weighted least squares. The weights were based on the standard error of the actual LC50 estimates (i.e., [1/standard error] 2 ). By using this methodology, the slopes of NOM source-specific regression lines were compared to one another, and the slope of each NOM source-specific regression line was compared to the slope of the overall regression line (i.e., the regression line generated by using all LC50 values, regardless of NOM source, plotted as a function of DOC concentration). All statistical analyses were conducted with SAS, Version 8.00 [26] . The same method of analysis was applied with HA concentration and Abs 350 as independent variables. Humic acid concentration was determined by multiplying fraction HA by DOC concentration. Level of significance used for all statistical analyses was ␣ ϭ 0.05. To further determine if DOC concentration, regardless of NOM source, is an acceptable input parameter for the BLM (Ver AP08), BLM predictions were compared to observed toxicity test results. Values for all necessary BLM input parameters were determined in this study, and the BLM was not calibrated in any way to the data set provided by this study.
RESULTS AND DISCUSSION
Dissolved organic carbon concentrations and LC50 values from all toxicity tests are reported in Table 1 .45 mg/L. Significant differences were found among DOC concentrations within the 5-and 10-mg/L nominal DOC concentration treatment levels (ANOVA; p Ͻ 0.0001), but not within the 2-mg/L nominal DOC concentration treatment level (AN-OVA; p ϭ 0.2121). The inorganic constituents of the test waters were fairly consistent among all toxicity tests. Ash (i.e., inorganic constituents), as part of the freeze-dried NOM isolates, appeared to have little or no impact on the chemistry of the dilution water. For each NOM, LC50 values increased with increasing DOC concentration. A fivefold difference was found among LC50 values for tests conducted at the nominal DOC concentration of 2 mg/L. Close to a sixfold difference was found among LC50 values for tests conducted at the nominal DOC concentration of 5 mg/L, and more than a threefold difference was found among LC50 values for tests conducted [a] ), represent NOM source-specific regressions that were forced through the mean LC50 and mean DOC concentration of the three toxicity tests conducted with no added NOM. Solid regression lines and equations represent the overall relationship between 96-h dissolved copper LC50 and the independent variable. Regression parameters and the results of statistical comparisons are summarized in Table 3 . Refer to Table 1 for explanation of the NOM identifications.
at the nominal DOC concentration of 10 mg/L. Although total copper LC50 values are not presented here, dissolved copper LC50 values were more than 90% of the total copper LC50 values. The exceptions were the MAR tests, which produced dissolved copper LC50 values that were 76 to 81% of the total copper LC50 values. Concentration of DOC in toxicity tests was close to nominal values, except for in the GJU 10 toxicity test, where the DOC concentration of one test was greater than 18 mg/L. Because the dilution water was made according to the U.S. Environmental Protection Agency recipe for moderately hard water, the molar ratio of calcium to magnesium was very consistent at approximately 0.7 for all toxicity tests. Consistency of inorganic water chemistry parameters is very important in an examination of the influence of NOM on copper toxicity to fish. Reasons for the need for consistency of dilution water chemistry include the interactions between copper and hardness cations for binding sites on NOM [27] and biotic ligands [9, [28] [29] [30] , the importance of pH and alkalinity in inorganic complexation [6, [28] [29] [30] [31] [32] , and the apparent effects of external sodium and potassium on copper toxicity [9] . Table 2 presents the results of the percent HA and SAC determinations. The NOM isolate with the highest percent HA was HEM, and the NOM isolate with the lowest percent HA was MAR. Specific absorbance coefficients, as a measure of relative color, were more variable at longer wavelength (up to 2.2-fold different at a wavelength of 436 nm and 1.5-fold different at a wavelength of 254 nm). The MAR isolate had the lowest SAC at all three wavelengths, suggesting that it had a lower relative color intensity than all the other NOM isolates, and the HUM isolate had the highest SAC at all three wavelengths, suggesting that it had a higher relative color intensity than all the other NOM isolates. The results of these SAC determinations agree fairly well (68% agreement in ranking) with the results of specific spectral absorbance analysis of the same NOM isolates conducted by Abbt-Braun and Frimmel [12] . Differences in percent HA and SACs among the NOM sources provided a reasonable basis for examining the possible relationships between dissolved copper LC50 values and HA concentration or spectral absorbance. Figure 1 shows the influence of each NOM isolate on dissolved copper LC50 values, with respect to DOC concentration, HA concentrations, and Abs 350 . Regression lines were the basis for the statistical comparisons by which the impact of NOM source on copper toxicity was assessed. Characteristics of the regression lines and the results of slope comparisons are shown in Table 3 . When slopes of the NOM source-specific lines were compared to the slope of the overall relationship, on the basis of DOC concentration (Fig. 1a) , the slopes of the HEM, MAR, BIR, and GJU lines were different from the slope of the overall relationship (Table 3 ). The slopes of the HEM and BIR lines were significantly greater than the slope of the overall relationship, and the slopes of the MAR and GJU lines were significantly less than the slope of the overall relationship (Table 3) . When the NOM source-specific relationships were compared to each other, significant differences in slopes were detected, resulting in four subsets (Table 3) . On the basis of DOC concentration, some sources of NOM had a significantly greater protective effect than others. For example, if the extreme slopes are compared, a 1-mg/L increase in DOC concentration with HEM results in an increase in LC50 that is more than four times higher than if a 1-mg/L increase in DOC occurred with MAR. More importantly, because significant differences are found between NOM source-specific regressions and the overall regression line, the ability to accurately predict LC50 values based upon DOC concentration (regardless of source) may prove to be problematic. A parameter that further characterizes NOM quality, rather than just quantity, may be required if more accurate predictions of LC50 values are desired. When slopes of the NOM source-specific lines were compared to the slope of the overall relationship, on the basis of HA concentration (Fig. 1b) , the slopes of MAR, BIR, and GJU were significantly different from the slope of the overall relationship (Table 3) . Three out of the four NOM samples that showed differences with the overall relationship on the basis of DOC concentration also showed differences on the basis of HA concentration. Significant differences among slopes were detected when the NOM source-specific lines were compared to each other, resulting in four subsets (Table 3) . Use of HA concentration as a somewhat crude measure of NOM quality did decrease the number of differences observed when comparing slopes of NOM source-specific regressions to the overall regression; however, differences still were apparent. Because significant differences were found in toxicity due to NOM source, the ability to accurately predict LC50 values based upon HA concentration (regardless of source) also appears to be problematic. Similar results were obtained when LC50 values were compared by NOM source on the basis of Abs 350 ( Fig. 1c and Table 3 ). The results presented here disagree with the assumption that DOC concentration, regardless of NOM source, is an acceptable input parameter for the BLM. Further, the use of HA concentration, regardless of NOM source, does not appear to be an acceptable input parameter for the BLM. The BLM assumes that the specified percentage of NOM is HA and that the remainder is entirely fulvic acid [16] [17] [18] . Constituents in the fulvic and hydrophilic fractions of NOM may be important with respect to their ability to influence copper toxicity. By using DOC concentrations from Table 1, percent HA  from Table 2 , and the other BLM input parameters summarized above, 96-h dissolved copper LC50 values were predicted with the BLM. Those predictions were plotted against the LC50 values obtained in this study (Table 1) . Ninety percent of the BLM predictions fell on or within the Ϯ twofold lines (Fig.  2a) , which are regarded as reasonable bounds of error [4] [5] [6] . Although reasonable agreement was found between predicted and observed LC50 values, some important deviations should be discussed. The LC50 values that were overpredicted (two points above the upper limit) were the toxicity tests conducted with the MAR isolate, which was shown to be significantly less protective of copper toxicity (Table 3 ). The LC50 prediction that was lower than the lower limit corresponds to the test conducted at a nominal DOC concentration of 5 mg/L with the HEM isolate, which was shown to be significantly more protective of copper toxicity (Table 3 ). The cluster of LC50 values at the high end of the relationship that were below the 1:1 line, but above the lower limit, were the toxicity tests conducted with DOC concentrations of approximately 10 or greater. The BLM also overpredicted the LC50 values for the moderately hard water tests. The majority of the data points corresponding to toxicity tests conducted at DOC concentrations of 2 and 5 mg/L were clustered very close to the 1:1 line. The best-fit line shown on Figure 2a illustrates that although the majority of the data are within a factor of 2 of the 1:1 line, the slope of the relationship is less than 1. Figure 2b shows the relationships between predicted LC50 values and HA and DOC concentrations (solid lines). As expected, excellent agreement was found between predicted LC50 values and DOC concentration. Reasonable agreement also was found between predicted LC50 values and HA concentration, although not as good as with DOC concentration. Also shown on Figure 2b are the best-fit lines associated with the overall relationships between observed LC50 values and HA and DOC concentrations from Figure 1a and b (dashed and dotted lines, respectively). The slopes of the BLM prediction lines are lower than the slopes of the lines corresponding to the results of this study. This suggests that as DOC and HA concentrations increase, the BLM will predict LC50 values that deviate further and further below observed LC50 values. The apparently good performance of the BLM, despite significant differences in the effect of different NOM sources on observed LC50 values, suggests that differences in NOM characteristics may not have a major effect on model performance, at least over the range of LC50 values shown in these toxicity tests. Another possible explanation is that the BLM does account for some differences in NOM characteristics in its utilization of percent HA. However, when BLM predictions were made with varying percent HA, little change in the relationship between predicted and observed LC50 values was seen. In Figure 2a , the dotted lines (from top to bottom) correspond to the best-fit lines between BLM predictions and observed LC50 values in which the per- Fig. 1a ). Refer to Table 1 for explanation of the NOM identifications. Fig. 3 . Relationship between observed 96-h dissolved copper median lethal concentration (LC50) and copper complexation capacity (Cu-CC) as calculated from reported values in Abbt-Braun and Frimmel [12] . The solid line represents the best-fit line when all points were included, and the dashed line represents the best-fit line when the point with the highest Cu-CC was not included. cent HA was held constant for all sources at 100, 50, and 1%. Predicted LC50 values did not change substantially, even when considering the difference in best-fit lines based upon 1 and 100% HA. Furthermore, the percent HA for NOM sources varied by slightly more than a factor of two (from 18.57 to 38.64%; Table 2 ). A change from 18.57 to 38.64% HA resulted in minimal changes in predicted LC50 values.
One of the main reasons that the NOM isolates from Norway were used in this study was that a great deal of chemical data has been compiled for each of the isolates [19] . The results of reported elemental analyses on the NOM isolates from Norway were used to calculate the concentrations of dissolved organic nitrogen and dissolved organic oxygen present in each toxicity test [12, 33] . Dissolved organic nitrogen did not have a significant role in influencing the toxicity of copper in these toxicity tests (r ϭ 0.3120; p ϭ 0.1131); however, dissolved organic oxygen had a significant role in influencing copper toxicity in these toxicity tests (r ϭ 0.8569; p Ͻ 0.0001). The significant effect of dissolved organic oxygen is not surprising because carboxylic and phenolic groups are known to be important with respect to the binding of copper to NOM. It is important to point out that all of the NOM isolates used in these toxicity tests were processed (i.e., concentrated by reverse osmosis [33] ). Use of reverse osmosis to concentrate NOM has a disadvantage in that solutes other than NOM are concentrated. As has been documented, properties of NOM may change during the reverse osmosis process (e.g., condensation or coagulation [34] ). The amount of various inorganic constituents associated with the NOM isolates can be calculated relative to DOC concentration from Gjessing et al. [33] , and from that, the concentration of those constituents in the toxicity tests can be estimated. As a result of this relatively simple analysis, it was possible to compare LC50 values to the concentrations of the inorganic constituents associated with the NOM isolates. Median lethal copper concentrations were positively correlated with concentrations of SiO 2 (r ϭ 0.8045; p Ͻ 0.0001), reactive Al (r ϭ 0.7271; p Ͻ 0.0001), nonlabile Al (r ϭ 0.7182; p Ͻ 0.0001), and Fe (r ϭ 0.7991; p Ͻ 0.0001). However, these significant correlations may not truly represent effects associated with these inorganic constituents, because they were concentrated along with NOM. Hence, these observations may simply be a result of covariation with DOC. Copper complexation capacities and conditional binding constants were determined for the NOM isolates from Norway [12] . A significant positive relationship was found between the reported copper-NOM complexation capacities obtained by Abbt-Braun and Frimmel [12] and LC50 values (Fig. 3 ). An increase in possible binding sites for copper translated to an increase in LC50 values. However, the relationship between LC50 values and complexation capacity is not as significant as the relationships between LC50 values and DOC or HA concentrations (Fig. 1) . This is encouraging for modeling efforts because LC50 values are better explained by simple measurements of DOC or HA concentrations, rather than by more detailed descriptions of copper-binding characteristics. The re-sults presented in this study suggest that the abilities of the NOM isolates from Norway to influence copper toxicity to larval fathead minnows have less to do with their respective capacities to bind copper than with DOC or HA concentrations in the test waters.
CONCLUSION
Based upon the results of slope analyses, NOM source had a significant influence on copper toxicity, regardless of the quantification approach (DOC, HA, or Abs 350 ). Predicted 96-h dissolved copper LC50 versus observed 96-h LC50 (Fig. 2) indicates that the BLM can produce toxicity estimates that are consistent with the results of actual toxicity experiments, although the slope of the relationship is substantially less than the 1:1 line. Despite the conclusion that NOM source does have an influence on copper toxicity, DOC and HA concentrations provide better explanations for variability in LC50 values than does consideration of more detailed descriptions of copper binding characteristics.
